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PES ± aerospace 
 
Material gains 
Aerospace and AFRC lead the way in controlling residual stress 
 
Non-conforming parts have been the bane of the aerospace industry for decades. Estimates 
suggest that it costs the sector hundreds of millions of pounds in waste and scrapped 
components on an annual basis ± a significant sum by any stretch of the imagination; even for 
a multi-hundred-billion-dollar industry.  
 
The source of this problem might not be immediately obvious to manufacturing engineers. The 
tendency for them is to look for a defect in production, or a miscalculation at some point in the 
design or during manufacturing processes. But, usually, those are the not the only places to 
find answers ± the issue can be invisible to these forms of examination.  
 
,QVWHDGLW¶s locked into the materials they are working with, induced from the early stages of 
their lifecycle. ,W¶V FDOOHG UHVLGXDO VWUHVV ± a term that some engineers may not be terribly 
familiar with, but describes the stress within a component or material when all the applied 
loads and forces acting on it are removed. Residual stress can add to or subtract from the 
applied stresses and lead to unexpected consequences such as failure or distortion out of 
required tolerances.  
 
Why might it be an unfamiliar concept to engineers? 0DLQO\EHFDXVHLW¶s still a relatively young 
discipline in material science as it is not included in undergraduate curriculum and only 
covered by those seeking higher education5HVLGXDOVWUHVVZDVQ¶WFRPSOHWHO\ recognised as 
a deteriorating factor by most industries until recently, when it became a focus for the 
aerospace and nuclear sectors; which is understandable considering the potential 
consequences of a failed component in either of these settings.  
 
³Residual stress has only become an applied science in the past 25 years or so,´VD\V'U
6DODK5DKLPL3ULQFLSDO0DWHULDOV)HOORZDWWKH8QLYHUVLW\RI6WUDWKFO\GH¶V$GYDQFHG)RUPLQJ
Research Centre (AFRC), part of the High Value Manufacturing Catapult³,W¶VVWLOO in the very 
early stages of development and getting the message out there to the industry can be 
challenging ± for the most part, residual stress is thought of as a theoretical aspect of 
materials, rather than an applied science. 
 
³7KDWVDLGDHURVSDFHKDVEHHQDWWKHIRUHIURQWRIGHYHORSPHQWV LQUHVLGXDOVWUHVV± many 
industries are still trying to catch up with it. Some GRQ¶WHYHQUHDOLVHLW¶VDQLVVXHWKDWDIIHFWV
them at all´ 
 
A big part of that lack of knowledge is how residual stress gets locked into a component in the 
first place. In typical manufacturing lines, materials will be exposed to sequential processes of 
forging, quenching, heat treatment and machining, in which  heat treatment and quenching 
tending to be chief among them.  
 
Components are usually quenched to achieve their final desired mechanical properties. When 
they are removed from heat treatment and cooled, through quenching (e.g. water quenching), 
the skin of the material begins to cool down ± but, crucially, in an uneven way. The temperature 
of the outer layers, particularly in chunky components, drops much more quickly than the core. 
This creates two contradictory pressures on the part: while the exterior wants to shrink, the 
interior is still trying to expand. The thermal gradients induced by quenching can be severe 
enough to generate residual stress fields of significant magnitudes. 
 
³7KHUHVXOW´VD\V'U5DKLPL³LVWKDWDVWKHHQWLUHSDUWFRols, these forces cause deformations 
and create stresses inside the component. It exists in all kinds of objects: if you cut a 
watermelon open, for example, it often breaks open ahead of the knife7KDW¶VEHFDXVHRIWKH
residual stresses lying within them applies enough driving force to crack them before the knife 
cut through´   
 
While the results of a jagged slice of melon might be trivial, the consequences in aerospace 
are altogether more serious. The manufacturing process can force parts out of their 
dimensional tolerances, which are absolutely critical in aerospace applications ± components 
need to be exactly within these parameters because of the huge amount of pressure under 
which aircraft find themselves.  
 
Developing an appreciation for where residual stress has been induced in the manufacturing 
process is therefore hugely important for aerospace engineers. So too is understanding what 
form it is taking within the component, and how it can be controlled. It may seem counter-
intuitive, but residual stress can actually be a good thing for airplanes ± if LW¶VGRQHULJKW 
 
³/HW¶V WDNH D WXUELQH GLVF LQ D FLYLO DYLDWLRQ HQJLQH´ explains Stuart Laidlaw, Knowledge 
([FKDQJH)HOORZDWWKH$)5&³,Wwill reach a temperature of about 700°C, so it needs to have 
a high degree of fatigue resistance. Tensile residual stress will encourage cracks to form, 
which reduces the life of the part ± so we need to find ways of removing this from the 
manufacturing process. 
 
³2QWKHRWKHUKDQGZHNQRZWKDWFRPSUHVVLYHVWUHVV can improve fatigue resistance by two 
or three times, depending on material and loading condition, ± inducing the right amount of 
this will actually enhance the part. So we need to find a way of introducing this LQWKHSDUW¶V
lifecycle, while avoiding tensile stresses. One option could be adding a process like shot 
peening to the manufacturing routeDVLPLODUWHFKQLTXHWRVDQGEODVWLQJEXWZLWKPHWDOVKRWV´   
 
7KHELJSUREOHPLVLW¶VQRWDSSDUHQWWKDWWKHUHLVDQLVVXHXQWLOLW¶VWRRODWH± DSDUWLVQ¶WJLYHQ
WKHFKDQFHWR³UHOD[´XQWLOODWHLQWKHPDQXIDFWXULQJSURFHVVRIWHQZKHQLW¶s being machined. 
To make matters even more complex, the act of machining a part can also induce heat and 
mechanical stresses, which also need to be taken into consideration.  
 
As an example, long shafts for an engine need to stay within microns of their dimensional 
tolerances. Removing material at the machining stage will rebalance the stresses in the part, 
which causes distortions and makes it very difficult to keep it within them. By this stage, a 
large amount of the cost has been sunk into what are usually high value components, only for 
them to fail or distort.  
 
,W¶VDSDUWLFXODUSUREOHPIRUWKLQ-walled parts, says Stephen Fitzpatrick, Senior Manufacturing 
Engineer and Machining Team Lead at the AFRC, which are common in the aerospace 
industry. ³5HVLGXDOVWUHVVKDVDODUJHEHDULQJRQPDFKLQLQJ´KHVD\V³<RXQHHGWRSODQIRU
KRZ\RXUFRPSRQHQWLVJRLQJWRPRYHRUGLVWRUWZKHQ\RX¶UHUHPRYLQJVWRFNPDWHULDOHQVXULQJ
WKDWLWFRQIRUPVWRLWVGHVLJQ$ORWRIWKHWLPHWKDW¶VSXWGRZQWRWKHLQWXLWLon or judgement of 
VRPHRIDIDFWRU\¶VPRUHH[SHULHQFHGPDQXIDFWXULQJHQJLQHHUV%XWLWFDQ¶WFRQWLQXHDQGWKDW¶V
why centres, like the AFRC, are making it such a priority ± ZH¶UHSXWWLQJVFLHQFHLQWRZKDW¶V
considered a black art. 
 ³:KHQ\RXXQGHUVWDQGZKere residual stress is being induced, how much is in a part, and 
what kind of stress it is, you can then look at your method of manufacture, make adjustments, 
and find new ways of optimising it. The technology and expertise is there to be more predictive 
with residual stress and cut out huge amounts of waste ± ZKHWKHULW¶VWKURXJKredesigning a 
SURFHVVDGGLQJLQRSHUDWLRQVRUFKDQJLQJPDFKLQLQJVWUDWHJLHV´ 
 
,W¶V D VHQWLPHQW 'U 5DKLPL DJUHHV ZLWK +H DGGV ³7KH ODVW IHZ GHFDGHV KDYH VHHQ KXJH
advances in the technology available to detect, describe, and, most importantly, control 
residual stress. We can trace residual stress, identify where it is coming from, and set out how 
WKHHYROXWLRQRFFXUVWKURXJKRXWDSDUW¶Vmanufacturing cycle. The UK is a global leader when 
it comes to residual stress ± the AFRC is a core part of that research, developing new, 
industrial-scale methodologies and working with a range of unique equipment.  
 
³:H¶YHRQO\UHDOO\VFUDWFKHGWKHVXUIDFHRIUHVLGXDOVWUHVVWKRXJK± there are a large number 
RIEXVLQHVVHVRXWWKHUHHYHQ LQDHURVSDFHZKLFKGRQ¶WUHDOLVHWKLV LVDSUREOHPIRU WKHP 
Some may have just discounted large amounts of waste DVDIDFWRIEXVLQHVV%XWLWGRHVQ¶W
need to be. With access to the right technology, expertise, and experience, entire sectors can 
tackle the problem of residual stress, just like the aerospace industry is doing now.´ 
 
< Pop out box ± Case study> 
 
The AFRC worked with a leading aerospace component manufacturer to investigate why one 
of its parts, made of  a Titanium alloy consisting of 6% aluminium and 4% vanadium, known 
as Ti-6Al-4V, was bending during production. The componentsZKLFKKDGDSURILOHRI´[´
were formed through hot extrusion at 950°C and then quenched in water.  
 
Investigating the source of the problem, the AFRC measured the residual stresses built into a 
selection of the final components and realised that they were not uniformly distributed. By 
mapping out the manufacturing process the centrH¶VWHDP realised that, during the quenching 
process, water was sprayed onto the part unevenly ± resulting in one side cooling more quickly 
than the other and producing the asymmetrical profile.  
 
Using this information, the AFRC was then able to pinpoint where the process needed to be 
modified, eliminating the issue for the company involved. 
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